To understand the molecular mechanisms mediating apoptosis induction by a novel atypical retinoid, ST1926, the cellular response to drug treatment was investigated in IGROV-1 ovarian carcinoma cells carrying wild-type p53 and a cisplatin-resistant p53 mutant subline (IGROV-1/Pt1). Despite a similar extent of drug-induced DNA strand breaks, the level of apoptosis was substantially higher in p53 wild-type cells. p53 activation and early upregulation of p53-target genes were consistent with p53-dependent apoptosis in IGROV-1 cells. Stress-activated protein kinases were activated in both cell lines in response to ST1926. This event and activation of AP-1 were more pronounced in IGROV-1/Pt1 cells, in which the modulation of DNA repair-associated genes suggests an increased ability to repair DNA damage. Inhibition of JNK or p38 stimulated ST1926-induced apoptosis only in IGROV-1 cells, whereas inhibition of ERKs enhanced apoptosis in both the cell lines. Such a pattern of cellular response and modulation of genes implicated in DNA damage response supports that the genotoxic stress is a critical event mediating drug-induced apoptosis. The results are consistent with apoptosis induction through p53-dependent andindependent pathways, regulated by MAP kinases, which likely play a protective role.
Introduction
Atypical retinoids represent a novel class of potentially useful agents for cancer treatment. Classical retinoids are known to modulate cell growth and differentiation through their binding to retinoid nuclear receptors. In contrast, atypical retinoids, including CD437 and analogs, exhibit a unique mechanism of action, resulting in growth-inhibitory and proapoptotic activity that is not receptor-mediated. 1 In particular, CD437 is referred to as RAR-g-selective retinoid, but the role of activation of RAR receptor in the CD437 induction of apoptosis is still controversial. Indeed, atypical retinoids exert growth-inhibitory activity and induce apoptosis in retinoid-resistant cells, and these cellular effects cannot be blocked by RARantagonists. [2] [3] [4] Multiple mechanisms, including activation of JNK and p38, have been implicated in apoptosis induced by atypical retinoids. 5 However, the mechanism of the growthinhibitory activity and the cellular basis of the broad spectrum of activity of these compounds remain largely unknown. CD437 increases the level of p53 protein, which plays a critical role in DNA damage response, suggesting the involvement of a genotoxic stress in the mechanism of antiproliferative and proapoptotic activity. 6 Moreover, human tumor cell lines carrying wild-type p53 have been reported to be more susceptible to CD437-induced apoptosis, 6 and this cellular response is reminiscent of effects elicited by DNA-damaging agents. Again, activation of the JNK pathway described for atypical retinoids 5 is another typical aspect of cellular response to genotoxic stress. 7, 8 Recently, we have reported that a related compound, ST1926 (Figure 1 ), characterized by an almost complete loss of ability to activate retinoid receptors, exhibited a high antiproliferative potency and marked ability to induce apoptosis. 9 In addition, ST1926 was found to induce DNA damage under conditions causing apoptotic effects. In an attempt to better elucidate the molecular and cellular basis of the apoptosis induced by ST1926, we have performed a study in an ovarian carcinoma cell system, including the parental IGROV-1 cells carrying wild-type p53 and a subline, IGROV-1/Pt1, selected for resistance to cisplatin and characterized by p53 mutation. The study was designed to investigate the relevant aspects of cellular response to ST1926 in different biological contexts, with particular reference to the significance of stress-activated protein kinase pathways after druginduced cellular injury. We found that the cell subline with mutant p53 was less sensitive to ST1926-induced apoptosis, and exhibited an enhanced activation of stress-activated kinases. Our results indicate a protective function of the MAP kinase family members in ovarian carcinoma cells treated with ST1926, and are consistent with activation of a DNA damage response.
Results

Antiproliferative effects and apoptosis induction
The antiproliferative activity of ST1926 against the two ovarian carcinoma cell lines was determined after 72 h of drug exposure. The IC 50 values were 0.2370.09 and 0.4370.08 mM for IGROV-1 and IGROV-1/Pt1 cells, respectively. The IC 50 or IC 80 concentrations in further experiments are referred to values determined under these conditions (i.e. 72 h exposure). Further cellular/biochemical pharmacology studies were performed at equitoxic drug levels to allow a comparison of the cellular response under conditions causing the same antiproliferative effects.
The apoptotic response of IGROV-1 and IGROV-1/Pt1 cells to ST1926 was determined by TUNEL assay and PI staining. After 24 h of exposure to drug concentrations corresponding to the respective IC 80 (0.3 mM for IGROV-1 and 0.6 mM for IGROV-1/Pt1 in the 72 h antiproliferative test), DNA fragmentation typical of apoptosis was detected in 30% of IGROV-1 cells, and only in 10% of IGROV-1/Pt1 cells ( Figure 2 ). The extent of apoptotic cells found after 72 h exposure (65 and 30% in IGROV-1 and IGROV-Pt1 cells, respectively), was consistent with a reduced sensitivity of the cisplatin-resistant subline to ST1926. The results were supported by the fluorescence miscroscopy observation of PI-stained cells (not shown).
Caspase activation
The activation of caspases associated with cleavage of substrates such as PARP is a hallmark of apoptosis. 10 . We examined the effect of ST1926 on caspases and PARP cleavage by Western blot analysis after different times of treatment ( Figure 3 ). In IGROV-1 cells, exposure to ST1926 resulted in activation of caspases 3, 8 and 9, already detectable after 24 h of treatment. The activation of caspase 3 was confirmed by the appearance of the 85 kDa PARP cleavage product. Consistent with the reduced apoptotic response to ST1926 in IGROV-1/Pt1 cells, there was a weak activation of caspases 3 and 9, associated with delayed PARP fragmentation. No activation of caspase 8 was detectable in the latter cell line.
Modulation of apoptosis-related proteins
To investigate the pathways involved in the induction of apoptosis by ST1926 in the two ovarian carcinoma cell lines, the expression of apoptosis-related proteins was analyzed overtime (from 6 to 72 h) by Western blotting. Figure 4a shows that drug treatment (IC 80 ) caused an early increase in p53 protein levels in IGROV-1 cells expressing a wild-type p53. On the contrary in IGROV-1/Pt1 cells, which express a mutated p53, no modulation of p53 was observed. The p21 WAF1 protein was upregulated in both cell lines by 6 h after drug treatment. This modulation was not surprising in IGROV-1/Pt1, since regulation of p21 WAF1 expression may be mediated by a p53-independent mechanism. 11 An increase of the proapoptotic Bax protein was found in IGROV-1 cells within 24 h of treatment, whereas no changes in the levels of the antiapoptotic Bcl-2 protein were found after treatment with ST1926 in both cell lines (Figure 4b ).
Cell cycle perturbation
In order to examine the effects of ST1926 on cell cycle progression, IGROV-1 and IGROV-1/Pt1 cells were exposed to equitoxic concentrations of ST1926 (IC 80 ) for 24, 48 and 72 h ( Figure 5 ). The DNA content analysis by flow cytometry showed that IGROV-1 cells underwent a persistent G1 arrest after exposure to the drug. Consistent with the early apoptotic response of IGROV-1 cells, a marked sub-G1 peak was already found at 24 h and increased at 48-72 h. A different pattern of cell cycle perturbation was evident in the p53 mutant IGROV-1/Pt1 cell line, which exhibited an appreciable accumulation also in S phase and a late appearance of the sub-G1 peak.
DNA damage
Since the pattern of cellular response to ST1926 involving p53 and drug-induced cell cycle arrest at G1 and S phases were reminiscent of the cellular response to DNA-damaging agents, 12 we investigated the effects of the drug on DNA integrity by the alkaline elution technique. Following 6 h exposure to drug concentrations in a range between the IC 50 and the IC 90 , the two cell lines exhibited a comparable extent of single-strand DNA breaks ( Figure 6 ). The conditions used for the alkaline elution assay do not allow one to detect double -strand breaks. The precise nature of the DNA damage remains to be determined.
To provide additional support to the formation of genotoxic damage, we further investigated the effect of the drug on modulation of proteins involved in the cellular response to DNA damage. RPA-2, a DNA single-strand binding protein essential for DNA replication, recombination and repair, becomes rapidly phosphorylated after treatment with DNAdamaging agents. 13 Thus, we examined RPA-2 phosphorylation as a marker of DNA damage response. A slower migrating band, evidenced by the shift in the electrophoretic mobility and corresponding to phosphorylated RPA-2 (Figure 7a ), was clearly detected after 6 h of drug exposure in both cell lines. RPA-2 phosphorylation was more evident and persistent in PCNA is a processivity factor for DNA polymerases, required for DNA synthesis and repair. Its recruitment to DNA repair sites involves the transition of the protein from a soluble to a chromatin-bound and detergent-insoluble state.
14 Such behavior can be exploited to monitor the ongoing DNA repair. We determined the recruitment of soluble PCNA to insoluble sites by biparametric flow cytometric analysis, which enables to detect the cell cycle distribution of the insoluble (Figure 7b ). In both untreated cell lines, high levels of PCNA were present in S-phase cells, in which PCNA participates in DNA replication. The recruitment of PCNA to insoluble repair sites was detectable 6 h after treatment in G1 and G2/M phases only in IGROV-1/Pt1 cells. At longer times (24 and 48 h), insoluble PCNA was not detectable in both the cell lines (not shown). Altogether, RPA-2 phosphorylation and PCNA recruitment to repair sites support a cellular response to DNA damage induced by the drug in both cell lines. However, DNA repair-related processes could be detected for a more prolonged time in IGROV-1/Pt1 cells, thus suggesting that such response could contribute to the lower sensitivity of the subline to ST1926.
Effect on ERKs and stress-activated MAP kinases
Mitogen-activated protein kinase (MAPK) family members are activated by a variety of stimuli including cell injuries induced by DNA-damaging agents. 15 We investigated the effect of ST1926 on MAPK pathways in the two ovarian carcinoma cell lines following treatment at the respective IC 80 (0.3 mM for IGROV-1 and 0.6 mM for IGROV-1/Pt1 at 72 h). Activation of extracellular signal-regulated kinases (ERK1/2), detected in Western blots performed with phosphospecific antibodies, was not modulated by ST1926 during the first 6 h of treatment ( Figure 8A ), nor by more prolonged treatments (not shown). In contrast, ST1926 induced activation of the stress-activated kinases c-Jun-NH 2 -terminal kinases (JNKs) and p38. Although the phosphorylation of these kinases was enhanced by the drug in both the cell lines, the effect could be appreciated earlier in IGROV-1/Pt1 cells. In fact, activation 
Effects of inhibitors of MAPK pathways on cell survival and apoptosis
In order to examine in more detail the role of MAPKs in the response of the two ovarian carcinoma cell lines to ST1926, we used selective inhibitors of MAPK pathways in conjunction with ST1926 treatment. Compounds SP600125, PD169316 and PD98059 were used to inhibit cellular pathways depending on JNK, p38 and MEK-1, respectively. 5, 16, 17 The efficacy of the inhibitors on their own targets was checked biochemically, as described in Materials and Methods. Cell growth inhibition and apoptosis were determined after treatment with ST1926 combined with each inhibitor. The results reported in Figure 9 (top and middle panels) indicated that inhibition of JNK or p38 produced different effects in the two cell lines. In fact, in IGROV-1 cells treated with ST1926 (IC 50 for 72 h), the addition of SP600125 or PD169316 markedly reduced cell survival and increased the percentage of apoptosis. On the contrary, in IGROV-1/Pt1 cells treated with the IC 50 for 72 h (not shown) or the IC 80 for 72 h (Figure 9 ), cell growth inhibition and apoptosis were not affected by the presence of the two inhibitors. In combination experiments with PD98059, an inhibitor able to block activation of ERK1/2, cell growth inhibition and apoptosis were enhanced in both the cell lines ( Figure 9 , bottom panels). These results suggest that basal activity, as in the case of ERKs, or ST1926-induced activation of MAP kinases have a protective role in IGROV-1 cells against the drug cytotoxicity. The basal activity of ERK1/2 could play a similar protective role in IGROV-1/Pt1 cells, whereas the strong activation of JNK and p38 kinases induced by ST1926 in this cell line is likely involved in other functions not restraining apoptosis. To address this point, in adherent cells exposed to the drug (IC 80 ), we examined the phosphorylation of c-Jun, a major JNK substrate and component of AP-1 transcription factor complexes. 18 As evidenced in Figure 10 , drug treatment induced c-Jun phosphorylation at serine residues 63 and 73, a modification that is known to increase c-Jun transcription activity 19 in the IGROV-1/Pt1 cell line. In these cells, drug-induced phosporylation of c-Jun, already evident following 3 h (not shown), produced a maximum effect at 6 h, which remained sustained for up to 24 h. According to drug-induced activation of JNKs, c-Jun phosphorylation was markedly increased in IGROV-1/Pt1 cells compared to IGROV-1 cells. In fact, following exposure to an equitoxic drug concentration, phospho-c-Jun was induced only transiently in IGROV-1 cells, being barely detectable only following 6 h of treatment.
Effects on transcription factors
Then, we examined the effect of ST1926 on c-Fos and ATF-2, which are partners of c-Jun in the AP-1 complex. 18 In the examined period of time (6-24 h), the expression of c-Fos was upregulated in ST1926-treated IGROV-1/Pt1 cells, whereas in IGROV-1 cells it was downregulated after 24 h of exposure to the drug. Similarly, activating phosphorylation of ATF-2 transcription factor, a well-known substrate of both JNK and p38 kinase, 20 was induced in IGROV-1/Pt1 cells between 6 and 18 h of exposure to ST1926, whereas in the parental cell line p-ATF-2 disappeared at 24 h after treatment. These results suggest that the transcriptional activity by AP-1 factors plays a relevant role in the cellular response of IGROV-1/Pt1 cells to ST1926.
cDNA array analysis
We have performed a comparative analysis of gene expression profiles in IGROV-1 cells and in the IGROV-1/Pt1 variant to investigate the modulation of genes implicated in DNA damage response and DNA repair at 4, 8 or 24 h after addition of ST1926. Table 1 shows the selected genes, whose expression resulted at least two-fold up-or downregulated. As expected, during activation of cellular stress response, an early upregulation of c-Jun was detected in IGROV-1 cells. Upregulation of c-Jun was a more delayed event in IGROV-1/ Pt1 cells. Another key element of stress response, NF-kB, was upregulated in both the cell lines, but this modulation was more persistent in IGROV-1/Pt1 cells. In contrast to IGROV-1 cells, in the cisplatin-resistant subline, a number of genes involved in DNA repair were detected at 24 h. The differential expression of DNA repair-associated genes could not be ascribed solely to a different onset of apoptosis. Indeed, at this time, most of treated cells were still adherent to the flask, and the level of apoptosis was low (30 and 10% in IGROV-1 and IGROV-1/Pt cells, respectively). This pattern of gene expression was consistent with a more marked and persistent activation of related transcription factors in the resistant subline ( Figure 10 ). In addition, the drug induced an early downregulation of DNA topoisomerase I and IIa in IGROV-1 cells, in contrast to an upregulation in IGROV-1/Pt1 cells. Again, DNA topoisomerases may have a role in DNA repair processes.
Discussion
The available evidence suggests a complex mechanism of action of atypical retinoids, including CD437 and related compounds. 1, [21] [22] [23] Multiple and sometimes conflicting results have been reported concerning the molecular events mediating induction of apoptosis by synthetic retinoids.
1,3,24-26 Some of these agents retain a weak ability to transactivate RARg. However, recent studies support that CD437 does not induce apoptosis through activation of RARg. 26 Such conclusion is also consistent with our recent finding that a novel related agent ST1926 is a potent inducer of apoptosis in spite of an almost complete loss of ability to transactivate RARs. 9 A novel observation of our previous study was the evidence that ST1926 is able to cause DNA strand breaks after a short-term exposure (6 h ). The precise mechanism of this type of DNA lesion remains unknown. Generation of reactive oxygen species has been reported for CD437. 4, 24 However, in our cell system, we did not detect modifications of mitochondrial trans-membrane potential nor ROS generation by ST1926 after 3-6 h exposure (data not shown). In keeping with this finding was the inability of antioxidant agents (e.g. NAC) to protect cells from ST1926-induced apoptosis (data not shown). These results do not support a DNA damage mediated by oxidative stress. DNA strand breaks were observed within a short-term exposure (6 h) to the drug in both IGROV-1 and IGROV-1/Pt1 cells, in spite of the different onset of apoptosis. This suggests that DNA strand breaks were not an early endonucleolytic DNA fragmentation associated with apoptosis. Recently, a report by Zhao et al. 27 showed that CD437 can cause DNA adduct formation. If such adducts occur also following exposure to ST1926, DNA strand breaks found in ovarian carcinoma cells could be the consequence of the chemical DNA modification. The evidence of ST1926-induced DNA damage and the pathway of cellular response to ST1926 support that the genotoxic stress is a critical event mediating the induction of apoptosis. Several observations are consistent with this interpretation: (a) exposure of IGROV-1 cells to the drug caused activation of p53 and upregulation of p53-regulated genes (e.g., Bax); (b) IGROV-1 cells containing wild-type p53 were more susceptible to ST1926-induced apoptosis than the cisplatin-resistant subline characterized by mutant p53. As a typical DNA damage response, the activation of p53-mediated pathways could account for the increased susceptibility of IGROV-1 cells to apoptosis, induced by ST1926 as well as cisplatin; 28 (c) drug-induced cell cycle perturbations are consistent with activation of DNA damage-induced checkpoints. In particular, IGROV-1 cells exhibited a more efficient G1 checkpoint, which was consistent with a functional p53, in contrast to p53 mutant IGROV-1/Pt1 cells, which showed less stringent control mechanisms at G1 and partially accumulated in the S phase.
JNK has been implicated in the regulation of functional activities of p53 in response to genotoxic stresses. [29] [30] [31] Indeed, cellular stresses are known to cause activation of various stress-signalling pathways, including ERKs, JNKs and p38 MAPK cascades. 31 In particular, JNKs phosphorylate the transcription factors of AP-1 family, including c-Jun and ATF-2, and stimulate their transcriptional activity. 29 The activation of JNK pathway following ST1926 treatment is consistent with a cell death response to DNA damage, as observed for UV irradiation ( Figure 8 ).
As expected, the activation of stress-activated protein kinases was also detected in IGROV-1 cells following treatment with cisplatin, a well-known genotoxic agent, thus supporting that DNA damage can activate stress-signalling pathways in our cell system (not shown). A direct comparison of cisplatin-and ST1926-induced effects is somewhat problematic, since the mechanisms involved in DNA damage recognition and signalling and stress response pathways may depend on the type and extent of genotoxic damage. 32 A prolonged activation of JNK and p38 kinases has been implicated in the induction of apoptosis by other atypical retinoids. 5 In the ovarian carcinoma cell system used in our study, ST1926 induced activation of both stress-activated kinases, p38 and JNK. This effect was substantially more marked in the cisplatin-resistant subline. The inhibition of p38 by PD169316 resulted in an increase of ST1926-induced apoptosis only in the parental cell line with wild-type p53. Similarly, the use of the JNK inhibitor SP600125 produced a differential effect on the two cell lines. In IGROV-1 cells, in which the inhibition of JNK pathway likely enhanced p53-mediated apoptosis, 33, 34 the activation of the two stressrelated pathways may reflect a protective function rather than a proapoptotic role. A protective response is also a plausible explanation for the drug-induced activation of p38 and JNKs in the context characterized by p53 inactivation. Indeed, in IGROV-1/Pt1 cells, in spite of an enhanced activation of these pathways, the drug-induced apoptosis was reduced. Thus, these results could suggest an increased cell efficiency in inducing a DNA repair process. In fact, inhibition of the JNK pathway has been reported to block DNA repair and to decrease cell viability following cisplatin treatment. 34 The persistent RPA-2 phosphorylation and PCNA recruitment to repair sites in treated IGROV-1/Pt1 cells, together with an early and persistent activation of AP-1 transcription factors and the upregulation of various genes implicated in DNA damage response (Table 1) , are consistent with such interpretation. Thus, it appears that the influence of activation of JNK and p38 kinases on cellular response and outcome is dependent on the nature of stress and the context of various signals received by the cells. Finally, the inhibition of ERK signalling pathways resulted in an enhancement of apoptosis in both the cell lines. Taken together, these observations suggest that MAPK pathways play a protective role in response to ST1926-induced cellular stress. It is conceivable that stress response promotes DNA repair through persistent activation of AP-1, as proposed in other cell systems, 7 rather than activation of survival pathways. Indeed, a lack of activation of PI3K/AKT and NF-kB pathways (not shown) is consistent with this interpretation.
In conclusion, the pattern of cellular response of our ovarian carcinoma cell system to the atypical retinoid ST1926 and the modulation of several genes implicated in DNA damage response support that genotoxic stress is a critical molecular event mediating induction of apoptosis by the novel agent. A p53-dependent response was clearly involved in the rapid induction of apoptosis observed in p53 wild-type cells. This pathway appeared to be regulated by stress-activated protein kinases, JNK and p38. However, the cellular fate is likely the result of contribution of multiple p53-dependent andindependent pathways including an ERK-regulated signalling, as documented in both the cell lines. The unusual mechanism of action of the novel agent ST1926 and its efficacy and tolerability 9 support the potential therapeutic interest for preclinical development.
Materials and Methods
Drugs and antibodies ST1926 was prepared as described.
9 SP600125 (JNK inhibitor) was purchased from Tocris (Ellisville, MO, USA), PD169316 (p38 kinase inhibitor) from Calbiochem (San Diego, CA, USA) and PD98059 (MEK-1 inhibitor) from Sigma (St. Louis, MO, USA). All the compounds were dissolved in DMSO and further diluted in culture medium (final concentration 0.5%).
The following primary antibodies were used: anti-phospho-p38 MAP kinase 
Cell lines and culture conditions
The human ovarian carcinoma cell line IGROV-1 and the cisplatinresistant subline IGROV-1/Pt1, selected by exposure to increasing cisplatin concentrations, 28, 35 were maintained in RPMI-1640 (BioWhittaker, Verviers, Belgium) supplemented with 10% FCS (LifeTechnologies, Inc., Gaithersburg, MD, USA). The cisplatin resistance index (ratio between the IC 50 of the resistant and sensitive cell lines) was 14. The cisplatin-resistant subline was characterized by the simultaneous presence of two mis-sense mutations on different alleles found at codons 270 and 282. Since the involved residues are in the DNA-binding domain, the mutations result in p53 inactivation. 28, 35 Antiproliferative activity Cell sensitivity to ST1926 was determined by cell growth-inhibition assay: IGROV-1 and IGROV-1/Pt1 were seeded into six-well plates in duplicate and, 24 h later, exposed to the drug for 72 h. Then, trypsinized cells were counted by a Coulter counter (Coulter Electronics, Luton, UK). The IC 50 values (7S.D.) were calculated from the dose-response curves.
Cell cycle distribution and apoptosis
Cells were exposed, 24 h after seeding, to different drug concentrations. Adherent and floating cells were collected at different time points, fixed in 70% ethanol and stained with 10 mg/ml propidium iodide (PI) (Sigma) in PBS containing RNAse (66 U/ml) (Sigma). The cell cycle distribution was analyzed on PI stained cells by FACScan flow cytometer. Apoptosis was evaluated by TUNEL assay. Floating and adherent cells were fixed in paraformaldehyde, permeabilized in a solution of 0.1% Triton X-100 in 0.1% sodium citrate, and then incubated in the TUNEL reaction mix (Boehringer Mannheim Ingelheim, Germany) for 1 h. After washing, the samples were analyzed by FACScan flow cytometer equipped with an argon laser. The percentages of apoptosis and of cell cycle distribution were calculated on at least 10 000 cells, and analyzed by Lysis II software (Becton Dickinson).
Alkaline elution assay
Cells were labelled with 0.08 mCi/ml of 14 C-thymidine (Amersham Bioscences, Amersham, UK) at 371C for 30 h, and then incubated for 18 h in the absence of labelled thymidine to chase the DNA-incorporated radioactivity. Cells were then treated for 6 h with ST1926, lysed in the presence of proteinase K (0.5 mg/ml) and harvested to perform the alkaline elution assay. 36 As reference, one sample of cells was irradiated with a 137 Cs source (1000 rad) to produce a known frequency of g-rayinduced DNA single-strand breaks.
Immunocytometric determination of PCNA recruitment
After 6 and 24 h of treatment with ST1926, control and treated cells (around 1 Â 10 6 cells/sample) were harvested and lysed in cold hypotonic solution to release soluble PCNA, as described. 37 Cells were incubated with anti-PCNA antibody and stained with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (Sigma). For DNA counterstaining, cells were incubated in PBS containing 5 mg/ml PI and 1 mg/ml RNase A (Sigma). In all, 10 4 cells were analyzed for each sample by FACScan flow cytometer (Becton Dickinson).
Western blot analysis
If not otherwise indicated, cells were treated for the indicated times with solvent (DMSO) or with ST1926 at the concentrations corresponding to the IC 80 (determined after 72 h exposure). In short-term experiments (o24 h), analysis was performed in adherent cells, since the number of floating cells were negligible. After long-term exposure (X48 h), floating and adherent cells were collected. Cells were rinsed twice with cold PBS added with sodium orthovanadate 0.1 mM and lysed in hot sodium dodecyl sulfate (SDS) sample buffer (0.125 M Tris-HCl pH 6.8, 5% SDS) containing 1 mM PMSF, 10 mg/ml pepstatin, 12.5 mg/ml leupeptin, 100 KIU aprotinin, 1 mM sodium orthovanadate and 1 mM sodium molybdate. Cell lysates were boiled for 2 min and sonicated. An aliquot was taken to determine the protein concentration (BCA assay-Pierce, Rockford, IL, USA). Samples were then adjusted for the Laemmli composition 38 and further boiled for 2 min. Whole-cell extracts were separated on SDS-PAGE and then transferred to nitrocellulose filters. After staining with Ponceau S (Sigma) to control protein loading and transfer, filters were incubated with primary antibodies at 41C overnight. Immunoreactive bands were revealed by horseradish peroxidase-conjugated secondary antibodies using enhanced chemiluminescence detection systems (Amersham) or Pierce (Rockford, IL, USA). When the drug treatment was combined with MAPK inhibitors, cells were preincubated with 10-15 mM SP600125 for 15 min, or with 10-15 mM PD169316 for 90 min or with 10 mM PD98059 for 30 min. In parallel experiments, the efficacy of inhibition of MAPK pathways was assessed biochemically by the following readings: inhibition of basal and drug-induced c-Jun phosphorylation by SP600125, inhibition of ERK1/2 phosphorylation by PD98059, or inhibition of p38 phosphorylation 5 in cells treated with PD169316.
cDNA array hybridization
Total RNA was extracted from adherent cells using Trizol reagent (Life Technologies, Rockville, MD, USA) according to the manufacturer's instructions. RNA was treated with DNase (Ambion Inc.), and was checked for quality by electrophoresis on denaturing formaldehyde/agarose gel, as well as by A 260 /A 280 ratios. Poly A þ RNA enrichment, 32 P-labelled cDNA probe preparation and filter hybridization were carried out as recommended by Clontech. Nylon membranes (Atlas Human Array 1.2 -Clontech) consist of 1176 human cDNA fragments, organized into broad functional groups. A complete list of the gene included on the membranes is available on the Clontech Web site (http://www.clontech.com). The results of array hybridization were evaluated using phosphorimager (Molecular Dynamics, Sunnyvale, CA, USA) and analyzed with AtlasImage 2.0 software package (Clontech).
